Introduction
Successful in-vitro fertilization has been achieved in cattle following capacitation treatment of spermatozoa with a hyperosmotic medium (Brackett et al, 1982; Lambert et al, 1986) or with the glycosaminoglycan heparin (Parrish et al, 1985 (Parrish et al, , 1986a (Parrish et al, ,b, 1988 . The molecular mechanisms are still not elucidated, but Ca2 + is recognized as one of the most important factors involved in the process of capacitation (Fraser, 1982 (Fraser, , 1987 . The exact role of Ca2+ in capacitation is not yet well defined, but it has been demonstrated to stimulate the activities of acrosin (Siegel et al, 1986 ) and phospholipase A2 (Thakkar et al, 1983 (Thakkar et al, , 1984 .
Calmodulin is an ubiquitous Ca2+ binding protein which regulates a large number of enzymes (for review, see Cheung, 1980; Means et al, 1982) . Immunofluorescence techniques have demon¬ strated that calmodulin is present in the head region of mammalian spermatozoa, preferentially around the acrosome (Jones et al, 1980) , and closely localized to the region containing phospholi¬ pase A2 (Weinman et al, 1986) , an enzyme which has been reported to be modulated by calmodulin (Moskowitz et al, 1983) . Moreover, several calmodulin-binding proteins have been identified in the acrosomal region of hamster (Moore & Dedman, 1984) and cattle (Olson et al, 1985) spermatozoa.
It therefore seems possible that calmodulin is involved directly or through its Ca2 +-binding proper¬ ties in the capacitation/acrosome reaction processes. As calmodulin antagonists have been reported to induce the acrosome reaction in guinea-pig spermatozoa (Nagae & Srivastava, 1986) and outer acrosomal membrane vesiculation in boar spermatozoa (Berruti et al, 1985) , the question to be asked is how is calmodulin implicated in these processes?
Since calmodulin mediates its regulation by associating with calmodulin-binding proteins, the purpose of the present study was to evaluate the effects of various treatments which induce in-vitro capacitation on the expression of the calmodulin-binding proteins in bovine spermatozoa.
Materials and Methods
Culture media. Three media that contained 21 mM-CaCl2 were used for sperm treatments: (1) DM medium as de¬ scribed by Brackett & Oliphant (1975) containing 3 mg fatty acid-free bovine serum albumin (BSA)/ml (Sigma, St Louis, MO, USA) and antibiotics (50 i.u. penicillin G/ml and 50 µg streptomycin/ml: Gibco, Burlington, Ontario, Canada); (2) Sp-TALP medium (Parrish et al., 1988) supplemented with 6 mg BSA/ml and 100 i.u. antibiotics/ml but containing no gentamycin; and (3), Sp-TALP medium containing various concentrations of heparin (178 i.u./mg (Sigma) St-Hyacinthe, Québec, Canada) . The straws were thawed in a water bath (37°C) for 10 sec and the spermatozoa were washed twice (5 min, 250 g, 37°C) in normal saline (0-9% NaCl, w/v, pH 7-4) and then routinely resuspended at 10 106 cells/ml in a final volume of 5 ml of the different treatment media. When experiments were performed to characterize the effect of heparin, spermatozoa were washed in Sp-TALP medium instead of saline. After a 6-h incubation (37°C, 5% C02), cells were centrifuged and washed once in saline or Sp-TALP medium without BSA. Proteins were then solubilized from the sperm pellet according to the method of Laemmli (1970) and sonicated twice (15 sec) to facilitate the protein extraction.
Electrophoresis and l25I-labelled calmodulin overlays. Proteins extracted from 7-10 106 spermatozoa were elec¬ trophoresed in triplicate on 5-15% linear gradient SDS-polyacrylamide gels (Laemmli, 1970 with Coomassie blue while the other two were processed for 125I-labelled calmodulin overlay, one in the presence of 1 mM-CaCl2 and the other in the presence of 1 mM-ethyleneglycol ¿«-(ß-aminoethyl ether)-JV,yV,./V,jY-tetra-acetic acid (EGTA). This technique was performed as described by Nelson et al. (1983) . Since the primary sequence of calmodu¬ lin is highly conserved among species (Means et al, 1982) , these studies utilized calmodulin prepared from rat testis (Dedman et al., 1977) . 125I-labelled calmodulin which retained full biological and immunological potency was pre¬ pared as previously described (Chafouleas et al, 1979) . At the end of the overlay procedure, gels were dried and subjected to autoradiography using Kodak XAR-5 film.
Results

Calmodulin-binding proteins
While minor differences were observed between the calmodulin-binding proteins of the 5 bulls, the major pattern obtained after treatment was consistent for all. Therefore, except for Fig. 1 , results from only one bull are presented in this study.
As shown in Fig. 1 
Capacitation treatments
When spermatozoa were incubated in DM or Sp-TALP media, a 6-h incubation had no effect on the pattern of calmodulin-binding proteins in the presence of lmM-Ca2+ or 1 mM-EGTA (Fig. 2) . The addition of heparin to the Sp-TALP medium resulted in a decrease in calmodulin binding to the proteins of Mr 28 000 and 30 000 in the presence or absence of Ca2 +. The Coomassie blue gel revealed no apparent difference for the sperm proteins in these molecular weight regions. The same effects of heparin were obtained when Ca2 + was omitted in the Sp-TALP medium. Preliminary experiments using in-vitro matured oocytes resulted in rates of 5% and 51% in-vitro fertilization for spermatozoa incubated respectively in Sp-TALP and Sp-TALP containing 2 µg heparin/ml.
Effect of benzamidine
When benzamidine, a protease inhibitor, was added to spermatozoa incubated for 6 h in the presence or absence of heparin, benzamidine alone did not modify the calmodulin binding to the proteins of MT 28 000 and 30 000 but a greater binding to proteins of MT14 000 and 15 000 was observed when the overlay was performed in the presence of 1 mM-Ca2+ or 1 mM-EGTA (Fig. 3) . Fig. 4 . Time-dependent effect of heparin (2 µg/ml) on the calmodulin-binding proteins of Mr 28 000 and 30 000. Spermatozoa were incubated with 2 µg heparin/ml for the designated time as described in the 'Materials and Methods' and processed as in Fig. 1 However, addition of benzamidine to the heparin-containing medium slightly increased the heparin effect by causing a reduction in the calmodulin binding to the proteins of Mt 28 000 and 30 000 as observed on the Ca2+ and EGTA overlays. Although this variation was weak, it was reproducible.
Effect ofheparin
As shown in Fig. 4 , there was a time-dependent decrease in calmodulin binding during the 6-h incubation period. In the presence of 1 mM-Ca2 +, the decrease was regular until only a weak signal was observed by 6 h. No such gradual decrease was observed in the presence of EGTA even though the calmodulin binding was much lower at 6 h. In fact, a two-step decrease was observed. When spermatozoa were incubated for 6 h with increasing concentrations of heparin, there was a continu¬ ous decrease in calmodulin binding (Fig. 5) . While a decrease in calmodulin binding to the protein of 14 000 was observed after a 6-h incubation with heparin (Fig. 4) , there was no effect of the heparin concentration on this change in calmodulin binding (Fig. 5) .
Discussion
Calmodulin has been demonstrated to regulate a large number of enzymes through the specific association with proteins known as calmodulin-binding proteins (Cheung, 1980; Means et al, 1982) . The present study demonstrates that bovine spermatozoa contain many such proteins, most of which bind calmodulin in the presence or absence of Ca2 In fact, heparin treatment causes a decrease in the binding of calmodulin for at least two binding proteins. This effect depends on the length of the time of incubation as well as the concen¬ tration of heparin in the incubation medium. While the localization and role of the Mr 28 000 and 30 000 calmodulin-binding proteins are not described in the present study, the changes in the binding of calmodulin to these two proteins caused by heparin may be functionally linked to sperm capacitation since the in-vitro fertilization rate increases considerably as the heparin concentration increases in the sperm-oocyte incubation medium (Parrish et al, 1988) . Moreover, oocyte fertiliza¬ tion occurred only when the sperm cells were incubated for at least 4 h (Parrish et al, 1988) , as was the observed decrease in the calmodulin binding to the M, 28 000 protein when the overlay procedure is performed in the absence of Ca2 + (Fig. 4 , Panel C). Heparin is now well recognized as a capacitating agent instead of an acrosome reactioninducing agent (Parrish et al, 1986a (Parrish et al, , 1988 . The mechanisms by which heparin facilitates sperm capacitation and stimulates Ca2+ uptake (Handrow et al, 1986) (Siegel et al, 1986 ).
However, co-incubation of spermatozoa with the protease inhibitor benzamidine and heparin did not reverse the decreased calmodulin binding to the proteins of Mr 28 000 and 30 000 caused by heparin alone. In fact, benzamidine seemed to increase the heparin effect. The decrease in calmodulin binding therefore does not appear to be due to the single action of the protease acrosin. However, the cause of the additive effect of benzamidine and heparin must be resolved in further studies. Changes in calmodulin binding can also be effected through modifications to the binding proteins. Phosphorylation of myosin light chain kinase (a calmodulin-binding protein) results in an inhibition of binding by calmodulin (Nishikawa et al, 1985) . This may be a promising avenue to explore since Olsen et al (1985) have shown that proteins of the outer acrosomal membrane in the MT12 000-34 000 region can be phosphorylated in a cAMP-and Ca2 +-independent manner. Future studies will be directed at determining the mechanisms by which the decrease in expression of calmodulin binding proteins occurs during sperm capacitation.
